Genome Science Laboratory, RIKEN, Hirosawa, Wako, Japan We have developed a computational strategy to identify the set of soluble proteins secreted into the extracellular environment of a cell. Within the protein sequences predominantly derived from the RIKEN representative transcript and protein set, we identified 2033 unique soluble proteins that are potentially secreted from the cell. These proteins contain a signal peptide required for entry into the secretory pathway and lack any transmembrane domains or intracellular localization signals. This class of proteins, which we have termed the mouse secretome, included >500 novel proteins and 92 proteins <100 amino acids in length. Functional analysis of the secretome included identification of human orthologs, functional units based on InterPro and SCOP Superfamily predictions, and expression of the proteins within the RIKEN READ microarray database. To highlight the utility of this information, we discuss the CUB domain-containing protein family.
[Supplemental material is available at www.genome.org.]
The RIKEN Mouse Gene Encyclopedia project aims to identify the full set of transcripts that are derived from the mouse genome (The FANTOM Consortium and the RIKEN Genome Exploration Research Group Phase I and II Team 2002) . The 60,770 cDNA clones fully sequenced in the RIKEN project were selected from 246 full-length, enriched cDNA libraries derived from a range of tissue sources predominantly from C57BL/6J mice. This strategy was combined with the removal of known cDNA clones on the basis of the terminal sequence that overlaps with other mouse transcript sequences, thus resulting in the identification of a significant number of novel mouse cDNA sequences including those with tissue-specific expression patterns. Computational clustering of these cDNA sequences with related public domain data identified 37,086 unique transcriptional units, termed the representative transcript and protein set (RTPS) . From the RTPS, 18,768 proteincoding ORFs, termed the representative protein set (RPS), were annotated in part by the Mouse Annotation Teleconference for RIKEN cDNA sequences (MATRICS) curation process. However, only 17,209 of the 18,768 RPS entries are estimated to encode full-length protein ORFs (The FANTOM Consor- tium and the RIKEN Genome Exploration Research Group Phase I and II Team 2002) .
Proteins that are secreted from cells into the extracellular media represent the major class of molecules involved in intercellular communication in multicellular organisms, and in humans, they have additional importance as targets for therapeutic intervention in disease. This class of proteins is referred to as the mouse secretome (Greenbaum et al. 2001) . Proteomic approaches to experimentally measure the secretome to date have detected only a fraction of the proteins secreted from the cell. For example, proteomic analysis of serum or plasma has been restricted by the fact that a relatively small number of proteins represent up to 80% of the protein total (Georgiou et al. 2001) . Furthermore, many secreted proteins are expressed only by specialized cell types, are expressed only during specific stages of development, or have an induced expression during specific cellular responses, including those in the immune system.
In this study, we used computational approaches to annotate the membrane organization of individual full-length proteins within the RPS from the prediction of endoplasmic reticulum (ER) signal peptides and membrane spanning domains, with a view to determining the full extent of the mouse secretome. For the prediction of the membrane organization within the RIKEN RPS, we used a consensus approach (The FANTOM Consortium and the RIKEN Genome Exploration Research Group Phase I and II Team 2002) and extended it to a number of other protein data sets .
This classification scheme allowed for the identification of soluble proteins that are strong candidates to enter the secretory pathway via the ER. The majority of these soluble proteins are likely be secreted from the cell into the extracellular environment. The identification of this set of proteins, combined with predicted functions based on functional unit predictions and with mRNA expression information, provides a basis for experimental validation and identification of new molecules involved in intercellular communication.
RESULTS AND DISCUSSION

Defining the Mouse Secretome
The generation of the 2033 protein set that we term the mouse secretome contains proteins identified from a number of complementary approaches (Table 1 ). The majority of sequences were derived from the final RIKEN RPS data set (The FANTOM Consortium and the RIKEN Genome Exploration Research Group Phase I and II Team 2002; http:// genome.gsc.riken.go.jp), with the remainder identified in the mouse-integrated protein index (IPI) data set (http:// www.ebi.ac.uk/proteome; Apweiler et al. 2001) . Initially, we collected all of the 2040 RPS "class B" (ER signal peptide positive/transmembrane domain negative) or soluble secreted proteins identified during the membrane organization annotation and an additional 43 class B sequences from the mouse IPI that were not represented in the RPS data set. We excluded all of the IPI class B sequences that showed >99% identity to an RPS class B protein sequence. For the remaining IPI sequences, we excluded those that encoded partial or full ORFs that had identity to segments of RTPS transcript sequences. Each of the remaining IPI sequences was analyzed using TBLASTN searches against the RTPS data. In addition, hypothetical proteins from EN-SEMBL gene predictions and sequences annotated as fragments were discarded because of the low reliability of the protein ORF representing a full-length sequence. IPI sequences related to immune proteins generated through genomic recombination events (i.e., T cell receptors and immunoglobulins) were also discarded. These 2083 class B representative sequences were further considered as candidates for inclusion within the mouse secretome.
The initial analysis for ORFs in the 60,770 FANTOM2 clone set, using the PROCREST algorithm, identified a large number of cDNAs with a small ORF of <99 amino acids in length. These short ORFs would have been automatically excluded from the annotation pipeline in order to minimize the description of false coding sequences. However, we considered this group of sequences relevant because of the numerous known examples of secreted proteins that are <99 amino acids in length. Analysis of all of the 60,770 PROCREST predicted ORFs from the FANTOM2 clone set for their membrane organization identified 4304 cDNAs that contained a putative ORF and that were predicted to encode a secreted class B molecule (Fig. 1) . Because 724 of these ORFs were between 50 and 99 amino acids in length, we therefore expanded our analysis to include all clones encoding secreted molecules of 50-99 amino acids.
One reason for the large number of predicted putative short secreted proteins was that several mouse DNA repeat sequences, when translated, encode for protein sequences that are predicted to be signal peptides. These were frequently selected as the putative ORF by PROCREST when a better alternative was not present. Therefore, we undertook a rigorous review of all small class B cDNAs (see Table 2 ). In order to minimize the annotation of false ORFs, the following criteria were adopted for analyzing these clones. First, clones with 5ЈUTRs of >500 bp were excluded because longer 5ЈUTRs would be significantly greater than the calculated average length of 5Ј-UTR regions (240 bp; International Human Genome Sequencing Consortium 2001). Second, we analyzed the sequence upstream from the putative initial codon and any overlapping cDNAs documented in the FANTOM2 database (Kasukawa et al. 2003) to ensure that the proposed ORF was not a partial truncated ORF within a non-full-length transcript. Third, cDNA sequences found to be containing DNA repeat sequences throughout the ORF were excluded. cDNA sequences that failed any one of these criteria or represented redundant identical sequences were removed. Total number of proteins within the mouse secretome 2033 Figure 1 Size distribution of the proteins predicted to contain endoplasmic reticulum signal peptides within the PROCREST predicted ORFs of the RIKEN 60,770 FANTOM2 cDNA clone set and the mouse secretome. The total numbers of proteins within 50 amino acid blocks are plotted.
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Cold Spring Harbor Laboratory Press on July 30, 2013 -Published by genome.cshlp.org Downloaded from The remaining clone set was then reviewed for several characteristics that would lend support to them encoding a bona fide gene product. These included (1) the reliability of the ORF prediction. We required that the PROCREST ORF prediction algorithms agreed with at least one of the additional ORF prediction algorithms used during FANTOM2 annotation; (2) the presence of a domain as determined by InterPro (Apweiler et al. 2000) and SCOP Superfamily predictions (Gough and Chothia 2002) ; (3) the presence of intron and exon structure as defined by Genomapper; (4) the presence of independent ESTs to support the validity of the transcript; (5) the presence of an orthologous gene product; and (6) evidence of gene expression by DNA microarrays. All of this annotation was performed using the FANTOM2 interface. Each clone was evaluated using all the preceding lines of evidence. Only clones with several lines of positive evidence were included. Forty-one FANTOM2 cDNAs of the 741 signal peptide positive ORFs of <99 amino acids passed these restrictions. This was performed prior to the generation of the RTPS; therefore, these 41 FANTOM2 cDNAs are included in the RTPS (The Twenty-four cDNAs that met these criteria were known genes, the majority of which were small signaling molecules (e.g., Neuropeptide Y, the small inducible cytokine family). A further 17 novel cDNAs were also identified (see Table 3 ). Six of these novel cDNAs encode proteins structurally related to the defensin/cryptdin class of small cationic peptides involved in antimicrobial activities (White et al. 1995) . These clones were annotated as part of the MATRICS annotation and were included in the RPS set. The final RPS data contained 107 class B proteins of <100 amino acids in length. The additional class B proteins were contributed to the RPS from the public data (RefSeq and SWISS-PROT). In addition, three proteins of <100 amino acids from the IPI were identified using the same approach. Eighteen of these additional 69 proteins of <100 amino acids were excluded based on the same criteria as for the RIKEN FANTOM2 proteins. Finally, 92 proteins of <100 amino acids were included in the secretome, which included 67 proteins of known function.
Also included in the class B protein set are the signal peptide positive soluble proteins that remain associated with the cell. These include proteins with a subcellular localization including the ER, Golgi, secretory granules, and the endosomal system. Both the proteins within secretory granules and the endosomal system can be considered part of the secretome. The proteins stored in the secretory granule are destined to be released to the extracellular media, and endosomal proteins are frequently found within the extracellular media and can be recognized there by cell surface receptors.
Soluble protein residents within the Golgi and ER ideally need to be excluded from the secretome. Few examples of soluble Golgi residents are known (Gleeson 1998) , whereas the ER resident soluble proteins are typically localized via a sorting signal Lys-Asp-Glu-Leu (KDEL) at their carboxyl terminus (Pelham 1990 ). Thirty-two class B proteins contained the KDEL motif and these were not included in the mouse secretome.
In summary, the 2083 class B representative mouse pro- Total number of proteins within the mouse secretome <100 amino acids 92 teins that are predicted to encode an ER signal peptide and not predicted to encode for any transmembrane domains were further analyzed for inclusion in the mouse secretome. First, proteins of <100 amino acids in length were critically assessed to remove those that had a low probability of being genuine transcripts. Second, proteins that contained intracellular localization signals and were therefore predicted not to be secreted were removed. The final number of proteins in the mouse secretome is 2033; therefore, the secretome represents ∼12% of the currently identified mouse proteome.
Although the criteria we have used will capture the majority of secreted proteins, additional sources of extracellular proteins are known. First, an alternative signal peptide-independent mechanism of protein secretion is known (Hughes 1999) . Proteins that use the nonclassical secretion pathway include the galectins, FGF-2, interleukin-1␤, and thioredoxin. These proteins may exit the cell through direct transport from the cytoplasm across the plasma membrane to the extracellular media via ATP-binding cassette transporters (Cleves et al. 1996; Hughes 1999) . Second, a number of transmembrane proteins are posttranslationally proteolytically cleaved within their lumenal domains. This results in soluble proteins that are then secreted into the extracellular media. Examples include the type II membrane proteins, tumor necrosis factor-alpha (Shurety et al. 2000) , and various glycosyltransferases. Third, cytoplasmic proteins may be nonspecifically or specifically transported to the extracellular media via several cellular processes, like the generation of exosomes (Thery et al. 2002) , or released as a result of cell death. No current computational approaches exist to identify these alternative sources of secreted proteins. In addition, because they exist both in the intracellular and extracellular environments, the known examples have not been included in the mouse secretome protein set.
A number of sources exist for falsepositive prediction of individual proteins that should not be included in the mouse secretome. Signal peptides are also used for import into other intracellular organelles such as mitochondria and peroxisomes. These have some properties in common with ER signal peptides, and, along with N-terminal transmembrane anchors, are frequently annotated as signal peptides. To date no definitive computational methods are able to differentiate between these classes of sequences, and this represents an issue that needs to be resolved (Chen and Rost 2002) . The accuracy of the assignment of a protein to the secretome using this approach is also totally dependent on having the full-length ORF. If a partial ORF is used, for example, from an inaccurate ab initio gene prediction, it may lack additional sequence that could encode for a transmembrane domain or alternatively not contain the true N terminus that may encode for a signal peptide. For this reason, extreme caution needs to be taken with hypothetical protein sequences generated from non-RNA transcript sources like EST clustering and gene predic- within the mouse secretome relative to the total number of predicted domains within the RPS is plotted as a percentage ratio (Secretome/RPS). One hundred percent represents a domain that is only contained in proteins within the mouse secretome. All RPS protein sequences that could not be classified by the membrane organization methods were excluded ).
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Properties of the Mouse Secretome
Having defined the secretome, we next analyzed it using similar methods to that used for the entire RPS set (The FANTOM Consortium and the RIKEN Genome Exploration Research Group Phase I and II Team 2002).
Novel Proteins Within the Mouse Secretome and the Identification of Human Orthologs
In an attempt to determine the unique sequence information within the mouse secretome, we have compared it to public mouse and human IPI databases. Orthologous human sequences were identified using BLASTP (E < e-50 with at least 80% coverage) and identical mouse sequences were identified using BLASTP (>99% identity and >99% coverage). Of the protein sequences within the mouse genome, 1242 had clear human orthologs in the human IPI, and 1511 mouse secretome proteins had identical sequences within the mouse IPI data set. In addition, 578 of the RTPS sequences originated from the FANTOM2 clone set, indicating that these contained some additional unique sequence information.
Functional Units Associated With the Mouse Secretome
We determined the InterPro domains (Apweiler et al. 2000) and SCOP Superfamily (Gough et al. 2001; Gough and Chothia 2002) predictions present in each protein of the mouse secretome (Table 4 ). For the InterPro domain predictions, 1527 (75%) of the mouse secretome had matches and 693 domains were represented. For the SCOP Superfamily predictions, 1394 (66%) of the mouse secretome had matches and 304 superfamilies were represented. In addition, for each InterPro domain or SCOP Superfamily represented in the secretome, we determined if it was unique to the secretome by comparing these results to those predicted for the entire RPS proteome (Fig. 2, Table 5 ). We removed the predictions from all RPS protein sequences that were not full length or could not have their membrane organization annotated . Of the 693 InterPro domains that were represented in the secretome, 241 (35%) were exclusively found within the secretome proteins (Fig. 2) . Similar results were found for SCOP Superfamily predictions. The presence of these predictable features within a protein sequence could represent an alternative approach to identifying putative secretome proteins, in particular within partial ORFs.
Domain Combinations
Protein function commonly derives from combinatorial actions of distinct domains. To survey the complexity of the secretome, we examined the number of predicted domain combinations in the protein set. Within this analysis, we did not consider the number of domains present within an individual protein, and multiple copies of the same domain were considered as one. For the InterPro domain predictions and SCOP superfamily predictions, 498 and 169 distinct combinations, respectively, were observed. In addition, 286 InterPro domains and 202 SCOP superfamily domains were represented as single domains.
Biological Processes Associated With the Secretome
To summarize the biological processes associated with the secretome, we adapted the broad domain-based cellular processes classification used for the human genome (Venter et al. 2001) . We classified various InterPro domains represented within the mouse secretome into those broad cellular processes associated with the extracellular media (see Fig. 3 ). The five categories were (1) hemostasis, (2) immune, (3) develop- (5) extracellular matrix and adhesion. Initially, we identified InterPro domains that matched the original PFAM domains used for the human genome and supplemented each category with additional InterPro domains that had multiple hits within the secretome. We were able to associate 900 of the 1527 secretome proteins that contained an InterPro domain to one of these categories. In addition, we analyzed and compared the subset of mouse secretome proteins to the entire RPS using the same Gene Ontology methodology (The FANTOM Consortium and the RIKEN Genome Exploration Research Group Phase I and II Team 2002). As expected for the cellular component, the secretome was clearly enriched for proteins (61%) assigned to the extracellular/extracellular matrix when compared with the entire RPS (20%). Significantly, lower proportions of secretome proteins, relative to the RPS, were present in the following assignments in the biological process (DNA metabolism, RNA metabolism, cell cycle and proliferation, death and cell organization/biogenesis) and molecular function (cytoskeletal protein, transcription regulator, receptor, other signal transduction). The only assignment clearly enriched in the secretome was the ligand molecular function assignment. The observations from the Gene Ontology analysis are consistent with the known biological properties associated with the extracellular environment.
Tissue Expression of Secretome Proteins
In addition to compiling domain and homology data for all secreted molecules in the RTPS, microarray expression profiling for FANTOM cDNAs was extracted from the READS database. Expression data are available for 973 of the RIKEN cDNAs that encode secretome proteins from 22 pooled mouse tissues: placenta, spleen, small intestine, colon, stomach, pancreas, liver, lung, adipose (mesenteric), adipose (epididymal), adipose (dorsal), kidney, muscle, bone, thymus, cerebellum (neonate 10 d), cerebellum, brain, uterus, kidney, heart, testis, and skin (neonate 10 d) using previously described methods (Miki et al. 2001) . Normalized expression data were subjected to hierarchical clustering in order to identify clusters of genes that display tissue-restricted expression. The results are summarized in Figure 4 . These expression data can be interrogated by searching the READs microarray expression database (Bono et al. 2002 ; http:// read.gsc.riken.go.jp/). This analysis revealed a spectrum of expression patterns ranging from ubiquitous to tissuerestricted profiles.
Highlights From the Secretome
This study describes the first computational prediction and annotation of the proteins that are secreted from the cell into the extracellular space. The use of combined genomic and transcriptomic database mining approaches allowed for the classification of signal peptide positive ORFs of 50-99 amino acids as putative secreted proteins. Bioinformatic identification of this class of gene products has not been attempted previously, because computational analysis of genomic DNA sequences has been limited to ORFs of 100 amino acids or greater, to avoid spurious ORFs from poor gene predictions. The validity of this approach was supported by the identification of numerous known short secreted molecules. Many of these short sequences were validated transcripts in that they displayed a tissue-restricted pattern, either by microarray expression profiling or multiple representation of ESTs.
Expression profiling of the secretome and clustering analysis revealed several groups of genes that were highly expressed in a tissue-restricted fashion. In addition, for the majority of tissues, we could readily identify individual secreted proteins that appear to be expressed exclusively by the one tissue (Fig. 4A) . This highlights the fact that the maintenance of these tissues and the specialized biological functions associated with them require distinct secreted proteins. The largest single cluster was 43 cDNAs, representing 40 genes that displayed a neural-restricted expression pattern (brain, neonatal cerebellum, adult cerebellum) (Fig. 4 Cluster A). The majority of these genes encode known neural-specific signaling molecules (see Gustincich et al. 2003 , for more details). Other major clusters (Fig. 4 Cluster B-D) of secreted proteins were expressed in tissues of the placenta, digestive tract, and testis. As expected, a review of the known genes described within the digestive cluster revealed large numbers of enzymes associated with digestion (peptidase, colipases elastases, etc.). This combination of predicting secreted molecules and microarray expression profiling has rapidly defined important new tissue-specific secreted cell factors.
As described previously, the presence of InterPro and SCOP domains within the amino acid sequences of every representative of the RPS has been recorded. These data can be used to categorize the families of secreted molecules with respect to molecular functions. In order to highlight the utility of this information for proteins within the mouse secretome, we have selected the CUB domain protein family (Bork and Beckmann 1993) to examine in detail. The CUB domain protein motif was originally found in the complement subcomponents C1s and C1r. It is an extracellular domain that is thought to mediate protein-protein interactions and has been found in many proteins with a developmental function (Bork and Beckmann 1993; Grimmond et al. 2000 Grimmond et al. , 2001 . Within the RIKEN RPS, 36 nonredundant sequences contain the CUB domain (Fig. 5) . Twentyfour of these genes were known previously to encode CUB domains. Twelve novel CUB-containing proteins were identified. Analysis of the membrane organization of this family predicted that they associate with all membrane classes ( Fig.  5 ; Kanapin et al. 2003) .
A study of InterPro domain content and organization of all CUB proteins was performed. Several observations were made. First, CUB-containing proteins can be divided into clusters from the domain architecture (see Fig. 5 ). Eight domains were observed in the 18 secreted CUB proteins (Netrin, EGF, Sushi, PDGF, Serine protease, Astacin, and Speract receptor). Although two of these domains (Sushi and Serine protease) were also observed in CUB proteins predicted to localize to the membrane, it is clear that organization of these domains is characteristic of the cellular compartment the gene products reside in.
Two of the CUB-containing proteins shown in Figure 5 were predicted to be intracellular molecules. A reassessment of the annotation of the proposed ORFs for these two clones, with the knowledge of the domain combinations and membrane organization within the CUB family indicated that they encode partial open reading frames. PC23894 appeared to be a partial cDNA with a truncated 5Ј region and PC15512 appeared to be a pre-mRNA containing at least one unspliced intron. This review of the domain content and sequence homology of these clones indicates that the genes, from which partial ORFs PC23894 and PC15512 were derived, encode a secreted protein (combination of serine protease and CUB domains) and a type I membrane protein (CUB-SUSHI combination, similar to PB19224), respectively.
The domain combinations associated with CUBs indicate two major functional groups for these molecules: (1) protein or ligand binding (from EGFs, LDLRA, Sushi, FA58C, Speract, and MAM domains) or (2) proteolytic activity (Astacin, trypsin-serine protease). Furthermore, domain usage and organization among the CUB proteins were associated with subcellular localization and architecture. Finally, the presence of domain architecture can provide insights into predicting the localization of truncated ORFs encoding CUB proteins or proteins for which subcellular localization is ambiguous to predict.
Summary
The availability of extensive mouse transcriptome full-length cDNA sequences generated by the RIKEN GSC and incorporation of this information into the representative transcript/ protein set (RTPS) has allowed for the prediction of soluble proteins exported from the cell using various computational approaches. The set of 2033 mouse secretome proteins contains a large number of novel or partially characterized proteins. For example, 578 protein sequences were derived from the RIKEN RTPS and 392 proteins lacked any predictable protein properties (Table 6 ).
The set of secreted proteins represents one biological system that has clearly expanded in higher eukaryotes and contains many unique proteins not seen in lower eukaryotes . Several major cellular processes are associated with the proteins that make up the mouse secretome, including: (1) cell-cell communication via soluble morphogens and growth factors required for tissue development and cellular differentiation; (2) proteins associated with the immune system including cytokines and antimicrobial agents; and (3) various proteins associated with the extracellular matrix. Overall this set of proteins represents a resource for the identification of novel proteins that associate with these criti- cal cellular processes. The identification and functional characterization of the proteins will have an impact on many aspects of biology including the differentiation of stem cells and the successful engineering of functional tissues. In addition, the set of secretome proteins and the methods used to define them will form the foundation for improvements in the algorithms used to detect them, in particular, within the genomic sequence. 
